Nutrient Transport and Metabolism in the Life
Cycle of Arbuscular Mycorrhizae as Examined
by NMR Spectroscopy

INTRODUCTION

Arbuscular mycorrhizal (AM) fungi are obligate symbionts that colonize the
roots of the majority of crop plants. Among the wide variety of benefits to the host
plant thathave been ascribed to this symbiosis are resistance to plant pests (Hooker
etal., 1994), improved water relations (Davies et al., 1993), increased growth and
yield (Mosse, 1973), and increased nutrient uptake (George et al., 1995). In these
associations fungal hyphae grow both in the apoplastic space and also through the
bost cell walls. Inside host cells the hyphae terminate in swellings called vesicles
or highly-branched structures known as arbuscules. These structures do not disrupt
the host cell’s plasmalemma but penetrate the cell wall and invaginate into the cell
so that fungal and host membranes are in close contact. Arbuscules are thought to
be involved in phosphorus (Smith, 1995) and carbon transport between the fungus
and plant host, while vesicles function as Storage compartments for lipids (Cox et
al, 1975). Vesicles may not always be present in these associations, and
arbuscules have a functional lifetime of 10 to 14 d and may appear only during
certain periods of the symbiotic life cycle (Smith and Read, 1997). As with the
ectomycorrhizae, hyphae extend out into the surrounding soil and increase the
absorption of nutrients such as phosphate and other minerals by the roots. When
soil nutrients are in low concentrations the hyphae extend beyond the nutrient-
depleted zones and explore greater volumes of soil. Also, since the byphae are
consideraby thinner than roots they can penetrate smaller pores within the soil. The
extraradical mycelium of the fungus acts as an extension of the root system,
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J0WS an exper ental design that was used to examine the short-term labeling of
;tact and extracts of leek roots colonized by Glomus etunicatum (Shachar-Hill et
1., 1995). Excised mycorrhizal roots were perfused with oxygenated buffer as
lustrated in Figure 2. The *C-labeled substrates Were added to the perfusion
nedium during the experiment of t0 the medium in which the intact plant was
sreincubated on the bench before excision and examination by NMR. Extracts of
‘he roots were routinely examined to identify and quanti the various labeled and
gnlabeled metabolites. The advantage of this method is that it yields data on the
tabolic events. Since the metabolic fate of the exogenously-
supplied substrates is different in each symbiont, one can follow the separate
signals from host and fungal compounds in the symbiosis (Shachar-Hill et al.
1995). The disadvantages of this method are that it can be implemented only for
short periods of time (up to 48 b) because of possible contamination, and that it
is limited to the stwdy of the root and fungal tissues in and on the root (as the
extraradical hyphae and spores become detached when the plants are removed
from the soil).

In order to follow long-term labeling and the production of sufficient numbers
of sterile, viable spores for studying germination Pprocesses, sterile growth

NMR PERFUSION CAVITY

IN VIVO NMR
PERFUSION SYSTEM

Tk

PERFUSION CONSTANT

RESERVOIR SPEED
PUMP

-

Figure 2. Schematic of perfusion system used for in vivo 3C NMR experiments.
Samples were typically perfused with 10 mw Mes bufter solution containing 0.5 mMm
13C-jabeled carbohydrates (e.g., glucose, tructose, mannitol, etc.).



ity of exploring this transition is enticing because of its importance for understand-
ing the establishment of the AM symbiosis and for its significance in trying to
culture AM fungi axenically. To grow axenically, the fungus must be induced to
wake up sufficient carbon, nitrogen, and other required nutrients from exogenous
sources to meet its metabolic requirements fully. Before this can be attempted,
however, the metabolism of the fungus both in the functional symbiotic state and
the germinating spores needs to be understood better. In this context, the role of
host signals in inducing changes in germinating AM fungi is also an area of great
interest. This area of investigation has been the subject of research in our group
and elsewhere (sec review, Bécard et al., 1992b; Giovanetti et al., 1994; Nagahashi
and Douds, 1995; Douds et al., 1996, Nagahashi et al., 1996a; Pfeffer and Shachar-
Hill, 1996), but will not be covered here. For a recent review the reader is referred
to the latest edition of Mycorrhizal Symbiosis by Smith and Read (1997).

In this chapter we discuss detailed information we have obtained concerning
the biochemistry of AM fungi at different stages of their life cycle (i.e., germina-
tion, colonization, and sporulation) using largely stable isotopes in conjunction
with NMR spectroscopy and mass spectrometry. For a review of basic NMR and
its application in plant biology, see volume 16 of this series (Shachar-Hill and
Pfeffer, eds, 1996). This approach can lead to a better understanding of uptake,
transport, and intermediary metabolism. In particular we shall cover our recent
work on metabolic responses of each symbiotic parmer; differential functioning
of intra- and extraradical fungal tissues; the location of the synthesis of stored
fungal lipids; the contribution of various metabolic pathways to the production of
fungal lipids from carbohydrates; hyphal uptake and metabolism of various forms
of nitrogen compounds; and metabolic pathways active during germination and
sporulation of the fungi.

THE USE OF ISOTOPE LABELING FOR STUDYING
TRANSPORT AND METABOLISM

Isotopic labeling has long provided a powerful approach to study biochemical
and transport processes in living systems. Applying these methods to studying AM
systems is difficult, however, for a number of reasons: the presence of two
»rganisms (of which the fungal symbiont cannot be grown or studied separately);
be small volume occupied by the fungus in the symbiosis, and the fact that it
:annot be separated intact from the host; the presence of other microorganisms on
ind around most mycorrhizal plants; and the difficulty of providing label
electively to one partner, particularly for nutrients that are freely mobile in the
oil. These factors limit the ease with which the organisms, their products, and
heir transport mechanisms can be separated, a process inherent in most analyses.
he use of analytical tools that do not require chemical or physical separation of
ietabolites are thus particularly advantageous here, and NMR spectroscopy is
mong the most informative of such methods. The two experimental systems

lustrated in Figure 1 reduce or circumvent the above difficulties. Figure 1A
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Figure 1. Spectra were obtained on both whole prelabeled and unlabeled tissue
perfused with '3C substrates as well as extracts. A, Schematic of labeling procedure
for examining colonized and uncolonized leek plants using '*C-labeled substrates.
Following the crossover of hyphae, labeled substrates were added to either
compartment. After four weeks the two compartments containing the roots and
fungal material (extemnal hyphae and daughter spores) were separated and
harvested using citrate to solubilize the gellan for easy removal of the tissue. To
examine the water-soluble and lipid-soluble compounds, the tissues were extracted
with 70:30 methanol:H,O and isopropy! alcohol, respectively. B, Schematic of
sterile dual-culture divided—Petri plate design for long-term labeling, adapted from
St.-Arnaud et al., 1996.
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conditions are required. Figure 1B illustrates the experimental design reporteq by
St.-Amaud et al. (1996). In this system, Ri T-DNA-transformed carrot (Daycj,q
carota L.) roots are grown in sterile divided plates containing solidified minimg)
M medium (Bécard and Fortin, 1988). Roots colonized by Glomus intraradices ap,
grown in one compartment until the mycelium has crossed over the central barrje,
to the unoccupied compartment before the formation of many spores. This syster,
allows the study of transport and metabolism both within the root and in the
extraradical hyphae and spores. An isotopically-labeled substrate is added as 3
sterile solution to one side of the divided plate and the plates are incubated for
another four to eight weeks. During this time the fungus grows and sporulateg
extensively in the fungal compartment so that almost all the tissue in the fungg]
compartment is formed during the labeling period. The colonized roots and fungg)
hyphae and spores from each compartment are then isolated separately from the
solidified medium under mild conditions (Doner and Bécard, 1991). The fungal
compartment is also an excellent source of large quantities of sterile, viable sporeg
that are used for studying germination processes (see below). The tissue from each
compartment is lyophilized and extracted with methanol-water and subsequently
with isopropanol. A series of such experiments with associated analyses and
controls (including identifying labeled compounds in both the host and the fungus,
determinations of the effects of unlabeled substrates on growth in the system, and
labeling in uncolonized roots) are carried out as well. The fractional labeling at
different carbon positions of the major fungal and plant products of these
compounds is subsequently determined by NMR and GC-MS.

SHORT-TERM "C-LABELING STUDIES OF LEEKS COLONIZED
BY G. ETUNICATUM

Substantial amounts of fixed carbon are transferred from the host plant to the
fungal symbiont, but despite the magnitude of this transfer, the details of carbon
transport and metabolism by AM fungi are not well understood. The AM fungi
occupy small volume fractions in mycorrhizal root tissues (Smith and Read,
1997), and neither dissection nor axenic culturing has yielded sufficient quantities
of fungal material for detailed metabolic study (Bécard and Fortin, 1988). These
difficulties have meant that little detail is known of the metabolic routes by which
carbon fixed by the bost is utilized by the fungus, and still less is known of the
effects (if any) of the host on fungal metabolism. Studies by Losel and Cooper
(1978) and Bevege et al. (1975) using “C radiolabeling give information on the
classes of compounds labeled in AM colonized tissue by photosynthate and
various root-fed substrates, but do not elucidate the labeled structures or possible
pathways that may produce them. Much more detailed metabolic information is
available from studies of axenically-cultured ectomycorrhizal fungi (Ramstedt et
al, 1987; Martin et al., 1988). In these and in some nonmycorrhizal fungi
(Jennings and Burke, 1990) mannitol becomes highly labeled when labeled
glucose is supplied and probably plays important if still disputed role(s) (Martin



al., 1988; Jennings and Burke, 1990). These studies have also revealed
netabolite cycling, as reflected in the substantial fractions of label supplied as
sJucose which are scrambled among different positions of hexose and hexitol
solecules. It is known that AM fungal spores contain trehalose as their major
-arbohydrate store (Bécard etal., 1992a: Schubert et al., 1992) and minor amounts
,f trehalose also have been reported in extraradical mycelium (Amijee and
stribley, 1987) and mycorrhizal roots (Schubert et al., 1992). The extent to which
\he carbohydrate metabolism of AM is otherwise different than that of
ectomycorrhizal species was not known, however, until it was revealed recently
py in vivo NMR experiments (Shachar-Hill et al., 1995).

Using the methodology depicted in Figure 1A, colonized and uncolonized
leck roots were perfused with 0.5 mm 13C-] glucose to assess carbohydrate
partitioning. In vivo natural-abundance NMR time-course spectra (3 b each) of
excised uncolonized leeks showed resonances attributed to sucrose C1, C2', and
2 of fructan polymers (see Fig. 3 legend). Upon perfusion with 0.5 mm BC-1-
jabeled glucose, little change in the spectum was observed except for the labeling
of C-1 sucrose following the washout of the perfusing labeled glucose. Litle
change in the perfusing a and B-glucose levels were observed, even after 18 h of
drculation. In contrast, the leek roots colonized by G. etunicatum showed a
significant depletion of the circulating glucose, as well as significant labeling of
fungal carbohydrates (trehalose and glycogen) and no labeling of host sucrose over
24 b. Similar results were observed when roots of whole plants were prelabeled
with 50 mum 13C-1 glucose for 20 h, then excised and examined by in vivo NMR.
That colonization reduced the level of labeled sucrose by the host root cells even
athigh and 10w glucose levels indicates that regulation of host metabolism rather
than competition may be at work. Since fractional enrichment of 1*C in trehalose
was greater than 72%, little dilution of externally-supplied labeled sugars by host
photosynthate during synthesis was indicated. These data are consistent with
glucose as a major form of fixed carbon taken up directly from the apoplast by the
fungus; however, the mechanism and location of the transporter is yet unknown.
A recent study has shown that a plant bexose transporter is induced in the plant
cortical cells during symbiosis, but it is an uptake transporter; therefore it is
unclear whether it is involved in the efflux of carbon (Harrison, 1996). More
recently, using radiorespirometry Solaiman and Saito (1997) have confirmed our
findings (Shachar-Hill et al., 1995) that glucose is the main substrate used by the
internal hyphae (Saito, 1995, 1997) of mycorrhizal roots.

Koide (1991) suggested that application of phosphate might simulate the
metabolic effects of mycorrhizae on host plants. To test this theory, the glucose
labeling experiments were carried out with phosphate as a substitute for mycor-
thizal colonization. Under these conditions sucrose labeling was the same as in the
ucolonized control, indicating that phosphate does not mediate the host plant
metabolism in the same manner as mycorrhizal infection.

In contrast to free-living ectomycorrhizal fungi (Martin et al., 1985) the
abuscular mycorrhizae convert glucose directly to trehalose without cycling



Figure 3. Time courses of in vivo'*C NMR spectra of colonized (A) and uncolonized
(B) leek roots excised and perfused with 0.6 mm 13C, glucose in Hoagland's solution.
Each successive spectrum was acquired in 3 h. The first spectrum (at the bottom
of the figure) was acquired before the addition of the 13C, glucose to the perfusion
medium and was essentially identical for both mycorrhizal and control roots.
Labeling of peaks: a, C; of sucrose and C, of fructans; b, C, of glycogen; c, C, of
B-glucose; d, C,of trehalose; e, C, of a-glucose and C, of sucrose. Last spectrum
in each time course was acquired after washout with glucose-free solution after 24
h of exposure to glucose. Adapted from Shachar-Hill, 1995.

through mannitol, since no labeled mannitol or '*C-1,C-6-labeled trehalose is
observed in AM fungi (Shachar-Hill etal., 1995). It has been suggested (Ramstedt
et al., 1987; Martin et al., 1988) that this cycling or the net synthesis rate of
mannitol regulates growth by affecting the NADP/NADPH redox couple. The
above findings indicate that the role of mannitol in rapidly-growing, free-living
fungi may be different from that in the symbiotic state. Experiments also



lemonstrated that the lag time (12-15 h) for the formation of the fungal
netabolites may be a function of the availability of photosynthate, since this time
vas considerably shortened when photosynthate was low in the host (data not
hown). In addition, it was noted that the production of trehalose and glycogen
ccurred only after a very long lag (greater than 36 h) in the colonized host tissue
1at was devoid of arbuscules, indicating that arbuscule formation is in some way
orrelated with the production of these storage compounds (Pfeffer et al., 1996,
feffer and Shachar-Hill, 1996). One possibility for the activation of this synthesis
'hen arbuscules appear is that the presporulation phase of the fungal life cycle has
sgun, since spores contain stores of these compounds prior to germination
3écard et al., 1992a).

LONG-TERM "*C-LABELING STUDIES OF CARBON UPTAKE AND
METABOLISM IN AM FUNGI

Long-term labeling experiments using the divided Petri plates with trans-
rmed carrot roots (see above and Fig. 1B) make it possible to determine the
ecific sites of uptake and metabolism of a range of labeled substrates. Under
ng-term labeling conditions only minor amounts of the labeled fungal metabo-
es, trehalose and glycogen, are observed, but more label is incorporated -into
ds. Labeling in plant and fungal lipids gives valuable information regarding
:tabolic pathways involved in long-term storage.

Labeling experiments were carried out by placing various '*C-labeled sub-
ates in either of the two compartments of the Petri plate containing colonized
)t tissue or the compartment with hyphae and developing spores (unpublished
a). G. imtraradices produces predominantly one stored fatty acid, namely
.12-hexadecenoic acid (w-5 palmitic acid), under all growth conditions (Gra-
n et al., 1995). This fatty acid is not made by the host, so it is possible to
tinguish the plant lipids in crude extracts of colonized roots dominated by
0,12,13 octadecadienoic acid (linoleic acid) from the fungal lipid products in

colonized root tissue. By €xamining extracts of the colonized root tissue taken
T the Petri plate after incubation with '*C-1 glucose we observed labeled fungal
ds in the presence of the labeled host lipids. Figure 4 shows parts of three 13C
ctra of the double-bond region of carrot tissue extracts in both colonized and
olonized states. Figure 4A displays the four double-bond resonances of the
olonized tissue without previous labeling. Note that all four resonances had
al intensity, representing the background or natural abundance levels of BC
%). Spectra of extracts of uncolonized tissue labeled with “C-1 glucose
wed that the even-numbered double-bond carbon resonances (C-10 and C-12)

approximately three times the intensity of the odd-numbered carbon reso-
ses (C-9 and C-13; Fig. 4B) due 10 labeling in these positions. This result is
sistent with the catabolism of *C-1 glucose via glycolysis to produce *C-2
yl CoA, which then incorporates a 1*C labeled at every other even carbon along
inoeate chain. The result of an experiment carried out with the colonized roots
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Figure 4. '3C NMR spectra of the double-bond region of isopropyl alcohol extracts
of G. intraradices colonized and noncolonized transformed carrot roots. A, Extract
of non-mycorrhizal root. B, Extract of non-mycorrhizal tissue incubated in the Petri
plate with 30 mwm '3C-1 glucose for four weeks. C, Extract of mycorrhizal tissue
incubated in the Petri plate with 30 mw 13C-1 glucose for four weeks. Each extract
was obtained from the root compartment of the divided plate. The spectra were
obtained in 8 h.

is shown in Figure 4C. Labeling of linoleate (C-10, C-12) at 127.7 and 127.9 ppm
and C-12 of the -5 palmitic acid was observed at 129.9 ppm. More information
regarding the uptake and metabolism of various substrates was available from the
rest of the spectrum. For example, Figure 5B shows a spectrum of an extract of
colonized carrot root tissue labeled in the root compartment with *C-1 glucose.
The same double-bond resonance patiern appears in Figure 4C; however, one may
also see that the terminal carbon resonance (even-numbered carbon) at 14.1 ppm
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Figure 5. 3C NMR spectra of isopropy! alkcohol extracts of root and fungal tissue
taken from the divided Petri plate following incubation for four weeks with 30 mm
13C-1 glucose on either side. A, Spectrum of the extract of fungal tissue labeled in
the fungal compartment. B, Spectrum of the extract of the root tissue labeled in the
root compartment. C, Spectrum of the extract of the fungal tissue labeled in the root

compartment.

was significantly greater than the signal from the penultimate carbon resonance
(odd-numbered carbon) at 22.3 ppm. This result is consistent with what one would
expect to observe in the synthesis of the fatty acid chain from labeled acetyl Co



A. Likewise, the signal from C-1 and C-3 of glycerol (carbon 1 and carbon 3 are
equivalent and therefore share the same resonance position) is more than twice ag
large as the C-2 signal of the glycerol moiety of the triacylgercerol (triglycerides).
This labeling pattern is produced through the breakdown of glucose to triose,
which can carry the *C label only into the 1,3 positions of glycerol. From such dagy
. it is calculated that the fractional enrichment in the lipids (plant and fungal) jg
12.4% and that uptake and metabolism of *C-1 glucose is active within and aroung
the root tissue (unpublished data). Similar labeling profiles were obtained for the
fungal tissue (hyphae and spores) from the fungal compartment after the root tissye
in the other compartment was exposed to *C-1 glucose (Fig. 5C). This lipid, which
is solely of fungal origin (primarily -5 palmitate as evidenced by the singje
double-bond resonance at 129.9 ppm), was labeled to the extent of 21.0%. Thjs
higher labeling level in the fungal lipids as compared with the root tissue is to be
expected, since the lipid in the fungal compartment is mainly newly synthesized
after label was added, while the root contains stores of unlabeled lipids formed
before addition of 1*C-1 glucose. In contrast to the above experiments, incubation
with 3C-1 glucose in the fungal compartment produced fungal tissues whose
spectra showed no observable labeling (see Fig. SA). The same result was obtained
in the analysis of the corresponding root lipids, so no uptake and metabolism of
glucose was evident through the external hyphae (data not shown). Similar results
were obtained using '*C-1 fructose. Labeling the root compartment with *C.2
acetate, however, produced labeled organic acids in addition to labeled lipids
within the colonized root. .

To be certain that isotope incorporation was not being observed in the fungal
compartment because of the dominance of a pentose phosphate pathway (within
the fungus) in which the C-1 of glucose or fructose was lost, the fungal
compartment was incubated with ’C-1,2 glucose. No labeling was observed when
this was added to the fungal compartment, showing that the lack of observed
labeling when *C-1 glucose was used was not due to an active pentose phosphate
pathway. Peak splitting seen in signals of double labeled molecules obtained from
metabolite labeling with *C-1,2 glucose allow us to distinguish between products
derived through glycolytic and pentose phosphate pathways. When "C-12
glucose was added to the root compartment it was revealed that approximately
80% of the fungal lipids were produced through the glycolytic pathway and
approximately 20% through the pentose phosphate pathway.

DETERMINATION OF THE LOCATION OF LIPID SYNTHESIS IN
ARBUSCULAR MYCORRHIZAE

While the results described above demonstrate that, unlike the internal fungal
hyphae, external hyphae are not capable of taking up carbohydrates, these
experiments cannot pinpoint where lipid is synthesized. The question remains
whether the carbohydrate is transported to the spores and there converted into
lipid, or whether carbohydrates are first converted into lipids and then transported
out via hyphae to the developing spores.



Using the dual-culture system of colonized carrot roots described above,
. abeled acetate was supplied to either the root or fungal compartment. Our

rments to date show that acetate supplied to the root compartment resulted
5C labeling of both lipids and organic acids in the colonized roots but not in the
gal compartment, whereas no lipid labeling was observed in either compart-
.ot when PC-2 acetate was supplied to the fungal compartment (in contrast (0
. observation that acetate supplied to germinating spores resulted in rather
ective labeling of trehalose; see below). These results did not establish the site
lipid synthesis, since in no case were lipids labeled in the fungal compartment

Because water is freely permeable across cell membranes, and the synthesis
fatty acids results in the incorporation of hydrogens that are exchangeable with
(er into nonexchangeable positions bonded to carbon atoms, water with
wopically-labeled hydrogens is a suitable marker for lipid biosynthesis. We
refore used deuterated water (*H,0) added to either compartment at a final
acentration of 2 or 3% (levels which do not slow growth) and analyzed the
gteration levels in lipids in each compartment. At low levels of isotopic
rchment (necessary because high levels of deuterated water inhibit growth), 2H
/R proved a more straightforward method than GC-MS for detecting labeling
lipids. Because of evaporative exchange of water between compartments,
sterium labeling incubations were carried out for only two weeks. The labeling
fungal lipids in the fungal compartment was much higher when 2H,0 was
splied to the root compartment, indeed, the level of labeling in fungal compart-
.nt lipids when 2H,0 was supplied to the fungal compartment was of the level
,wn in the control (without roots present), which is due to evaporative exchange
which 2H,O may enter the root compartment. Thus, we conclude that most or
lipid stored in the fungal spores is synthesized in the root compartment. This
ding seems to be the only direct evidence to support the hypothesis first put
ward by Cox et al. (1975) concerning the site of lipid synthesis. These
carchers made microscopic observations on lipid droplets in hyphae and
suscules of Allium cepa L. colonized by Glomus mosseae and concluded that
:se droplets were probably synthesized by the fungus in the host roots and

nsported from there.
SN-LABELING EXPERIMENTS

The importance of vesicular-arbuscular mycorrhizal (VAM) fungi to plants
enhancing phospborous uptake has been established in many studies, but their
nificance in nitrogen nutrition seems uncertain. Tawarays and Saito (1994)
ve shown that there is no change in amino acid composition in mycorrhizal
1on and white clover roots relative to uncolonized roots. A number of research-

have demonstrated that external hyphae of VAM fungi can take up and
1abolize nitrate (Bago et al., 1996). Others have used '*N-labeled ammonia and
rate to show that nitrogen can be taken up from the soil by VAM fungal hyphae
1 transferred to the host (Johansen et al., 1996). In contrast, other studies have



shown no enhancement of nitrogen label uptake in mycorrhizal compared to Dop.
mycorrhizal plants or have raised doubts about nitrate uptake by the fungy,
(Villegas et al., 1996; for a recent review of the literature see Smith and Reag
1997). Most significantly, there is little definitive evidence of a nutritional beneg;,
to the host due to the transfer of nitrogen from the fungus. Since nitrogen is Usua}
found as nitrate, which is much more mobile in the soil than phosphomus‘
increased exploration of the soil by VAM fungal hyphae may not signiﬁcanuy
enhance nitrogen uptake. Indeed, evidence to this effect was obtained by Tobar ¢
al. (1994), who showed that VAM colonization improved the uptake of Nitroge,
label by Glomus fasciculatum only under dry conditions, in which nitrate mobiliy
is lower.

We have used '*N-labeled substrates in the in vitro carrot root and colonizeg
leek systems together with extraction and GC-MS analysis of amino acids
compare quantitatively the forms of nitrogen taken up by each partner apg
transferred to the other. The use of the split plate system (Fig. 1B) allows us g,
compare uptake and transfer of label supplied in different forms without the
confounding effects of diffusion between compartments and dilution ang
interconversion of nitrogen forms that occur in experiments using plants 8rowing
in nonsterile soil. Our preliminary results indicate that during a six-week labeleg
culture period, the external hyphae of G. intraradices are able effectively to take
up "N label supplied as ammonium, nitrate, or urea, but not as glycine. '*N-labe|
levels in the free~amino acid pools of host roots in the root compartment were
highly labeled from label supplied to the fungal compartment. The levels of
labeling in different amino acids (30-80%) of the host roots are substantially
higher than those reported in previous studies. The levels of labeling in host amino
acids were similar whether label was supplied to the host or fungal compartments,
showing that the fungus gives the host free access to nitrogen in the fungal
compartment. This study appears to be the first in which an organic form of
nitrogen (urea) is shown to be made available to the host by the fungal symbiont.
This finding and the rather high labeling levels found in host amino acid pools
shows that the fungus can be an effective conduit for movement of nitrogen from
the environment to the host.

There is a striking contrast between the complete lack of carbon label taken
up by the external fungal structures and the rather effective uptake of different
nitrogen forms in these experiments. In the case of leek plants the '*N-labeling
levels in the free amino acids were compared between leaves and roots of
colonized and two groups of uncolonized plants (at low and high phosphorous
fertilization) after fertilization with '*N nitrate for several weeks. In this case,
colonization did not affect the relative or absolute labeling levels in different
amino acids of leaf or root tissues, despite the fact that colonization levels were
high (greater than 40%) and the colonized plants grew better than uncolonized
ones at low phosphorous levels. There was no evidence for either changes in
steady-state label fluxes nor for transfer of significant amounts of nitrogen from
fungus o host. In this system the plants were well watered and there was no



sapartmentation of the soil (see Fig. 1A) so that the roots explored the soil
oroughly, whether colonized or not. Taken together, the results of these studies
dicate that at least some VAM fungi are able to take up different forms of
trogen very effectively and to transfer them to the host roots, but that this ability
ay not be significant for nitrogen metabolism, either in a regulatory or direct
sritional sense, in situations in which nitrogen is either abundant or mobile or

oth.
STUDIES OF SPORE GERMINATION

Spore germination entails the mobilization of stored polyphosphate and the
reakdown of stored lipids and carbohydrates. We used 3'P to monitor the
ermination process in AM spores. Gigaspora margarita spores were incubated
1 30°C for 5 d and *'P spectra taken each day. Initially only PolyP signals were
etected, indicating an average chain length of 11 units. As the spores began to
erminate, narrow signals associated with newly-formed Pi, UDPG, NADP(H),
nd phosphomonesters were seen, as well as a broad resonance (extending from
0 to 20 ppm) from relatively immobile, phospholipid membranes.

The main storage sugar in the majority of mycorrhizal fungal spores is
-ehalose (Bécard et al., 1992a). That stored trehalose is utilized in the early stages
f germination was revealed by in vivo 13C NMR time-course experiments, which
emonstrated a 50 to 58% breakdown over a period of 5 d after germ tube
mergence. No significant reduction of lipid signals from triacylglycerols and free
atty acids was detected during this time, indicating that lipid stores are probably
\etabolized to sustain hyphal growth only after the carbohydrate has been
xhausted. This observation has recently been supported in a study of lipid
omposition in Glomus versiforme spores following germination (Gaspar et al.,
994). The study found that aithough the total amount of mobile lipids was little
hanged in the first 5 d of germination, its composition changed with the
iecreasing ratio of saturated to unsaturated fatty acid chains. Carbon dioxide has
_stimulatory affect on the growth of emerging hyphae (Bécard and Piché, 1989,
Jécard et al., 1992b). Nothing is known about the fate of this CO,, but it has been
ypothesized that the spore could be utilizing itin dark fixation (Bécard and Piché¢,
989).

To examine the metabolic events associated with carbohydrate utilization
wring germination, sterile G. intraradices spores isolated from the dual-culture
iivided-plate system described above (Fig. 1B) were germinated for 12 d with
abeled substrates (°C-1 glucose, 1°C-2 acetate, *C-1 fructose, *C-1,6 mannitol
r BCO,). The *C NMR spectra of lipid extracts showed no evidence of fatty acid
abeling, although low levels of labeling could have been obscured by large
mounts of unlabeled lipid present before germination. Labeling patterns in
rehalose from aqueous extracts of “C-1 glucose— and BBC-1 fructose—treated
amples showed, however, that trehalose is labeled in the C-1 position, a
;onsequence of direct coupling of these monosaccharides (see Fig. 6A). No
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Figure 6. '*C NMR spectra of 70:30 methanol:H,O extracts of G. intraradices
spores following germination for 12 d in the presence of *C~1 glucose (A), 13CO,
(B), and 13C-2 acetate (C) in distilled water. The spores were isolated in a sterile
state from the in vitro dual-culture system described in Figure 1B.



f bling of the label into the C-6 position of trehalose (a result of
igenc® 0 cling) of other pathways was observed (data not shown). Nor did
anﬂi“.’l Cz,’,im 13C-1,6 mannitol produce any labeled trehalose, a further indica-
:ubatlo“absenoe of mannitol metabolism in germinating AM spores as it is found
nof B¢ corrhizal fungi (Martin et al., 1985). Following the labeling of the spores
aer PCO, Or PC-2 acetate, trehalose signals showed labeling predomi-
i &0 e C-3 and C-4 positions with less in the 1,2 and 6 positions,
oty I ¥ arbon 5 appeared not to be labeled at all (see Figs. 6B and 60). I
e ihese results that dark fixation of CO; is active in germinating
mdc:nd that, unlike the symbiotic state, the gluconeogenic pathway is a major
o, B production of carbohydrae from lipid precursors. It remains to be
wushed in what way the metabolism of the germinating spores will be altered
o they are exposed o plant root exudates, which effect the morphology of the
ending germ wbe and hyphae (Nagahashi et al., 1996b).

SUMMARY OF NEW FINDINGS REGARDING
ARBUSCULAR MYCORRHIZAE

In leeks colonized by G. etunicatum a hexose (most likely glucose) is taken

directly by internal hyphae or arbuscules (Shachar-Hill et al., 1995). This
qake is influenced principally by the availability of host photosynthate. The
pgus utilizes glucose during the production and turnover of arbuscules to
oduce trehalose and glycogen. The metabolic rate of glucose utilization in the
\ tissue during this time is elevated relative to uncolonized plant roots. The
esence of the mycorrhizal fungi within the root suppresses the production of host
crose, but phosphate was found not to mimic the affect of AM fungi on host
crose production.

Figure 7 is a schematic representation of the findings based on the divided-
i plate experiments described above with transformed carrot roots colonized
thG. intraradices. Phosphate (P) and nitrogen (N) enter through the extraradical

and are transferred to the plant cell through the arbuscule. Carbon
mpounds (C) such as carbohydrates cannot be taken up by external fungal
uctures such as hyphae or developing daughter spores, but enter the fungal
uctures within the root apoplast. Carbon is then moved from the intraradical
phae in the form of fungal lipids along the hyphae to the developing daughter
ores. There appears to be little or no synthesis of fungal lipids in the extraradical
sues. In contrast to extraradical fungal tissues and developing daughter spores,
minating fungal spores are capable of taking up various forms of C, including
scose, fructose, acetate, and CO,. The first two of these substrates are converted
<atly to trehalose, whereas acetate is converted via gluconeogenesis to treha-
s, and CO, undergoes dark fixation to produce trehalose as well. Under normal
swing conditions, colonization by mycorrhizal fungi does not appear to enhance
uptake of nitrate or ammonium by the roots, but extraradical hyphae are
pable of utilizing nitrogen as urea.

N\
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Figure 7. Schematic summary of the uptake, metabolism, and transport of nutrients
in mycorrhizal plant roots and extraradical hyphae and spores.

FUTURE DIRECTIONS

The observations on transport and metabolism described above are informa-
tive as to the substrates, pathways, and storage products of intermediary carbon
metabolism, and are beginning to yield similar information concerning nitrogen
uptake and transport. However, our knowledge is still incomplete and further
experiments of the sort described above, especially using doubly-labeled sub-
strates, are needed to define quantitatively the relative activities of different
pathways at different stages of the life cycle.

One potentially interesting application of findings to date is as a guide to
molecular genetic work, first to find the genes involved in the uptake and
metabolic processes identified, and then to use these as markers to follow the
expression of these genes throughout the fungal life cycle.

Another area of interest concerns the sites and mechanisms of carbon
exchange between host and fungus. Preliminary results described above concern-
ing the correlation of hexose uptake with the presence of arbuscules may be related
to this isssue, and further such experiments under different growth conditions may
be informative. However, the definitive answers on transport location can come
only from molecular genetic and immuno-histochemical methods to locate
specific transporters, as has been done by Harrison for plant bexose and fungal



osphate transporters (Harrison and van Buuren, 1995; Harrison, 1996) and by
aninazzi-Pearson and coworkers (1991) for H*-ATPase. Such work is techni-
lly demanding but important in addressing rigorously the sites and detailed
,chanisms Of transport processes.

Evaluating the metabolic responses of the germinating spores and developing
phae 10 the exuded plant signals is another potentially important area. Metabo_lic
reling studies of this by the methods described above and supported by following
1gal gene markers should provide insight into the transition from free-living to
nbiotic state. *C isotopic labeling and NMR and mass spectrometry can also
entially be used in combination with in vitro cultures to track signaling
npounds in plant and fungal exudates. Exudates from prelabeled plant and
igal tissues could be collected and analyzed to identify specific signal-
ognition compounds.
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